Field-induced double spin spiral in a frustrated chiral magnet by Ramakrishnan, M. et al.
Field-induced double spin spiral in a frustrated chiral magnet
M. Ramakrishnan,1, ∗ E. Constable,2, 3, † A. Cano,3, 4, ‡ M. Mostovoy,5 J. S. White,6
N. Gurung,4, 7 E. Schierle,8 S. de Brion,3 C. V. Colin,3 F. Gay,3 P. Lejay,3 E.
Ressouche,9 E. Weschke,8 V. Scagnoli,4, 7 R. Ballou,3 V. Simonet,3 and U. Staub1, §
1Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
2Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
3Univ. Grenoble Alpes, CNRS, Institut Ne´el, F-38042 Grenoble, France
4Department of Materials, ETH Zurich, Vladimir-Prelog-Weg 4, 8093 Zurich, Switzerland.
5Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4, Groningen 9747 AG, The Netherlands
6Laboratory for Neutron Scattering, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
7Laboratory for Multiscale Materials Experiments,
Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
8Helmholtz-Zentrum Berlin fu¨r Materialien und Energie,
Wilhelm-Conrad-Ro¨ntgen-Campus BESSY II, Albert-Einstein-Strasse 15, 12489 Berlin, Germany.
9Universite´ Grenoble Alpes, CEA, INAC, MEM, F-38000 Grenoble, France
(Dated: October 8, 2018)
We report the direct observation of a magnetic-field induced long-wavelength spin spiral mod-
ulation in the chiral compound Ba3TaFe3Si2O14. This new spin texture emerges out of a chiral
helical ground state, and is hallmarked by the onset of a unique contribution to the bulk electric
polarization, the sign of which depends on the crystal chirality. The periodicity of the field induced
modulation, several hundreds of nm depending on the field value, is comparable to the length scales
of mesoscopic topological defects such as skyrmions, merons and solitons. The phase transition
and observed threshold behavior are consistent with a phenomenology based on the allowed Lifshitz
invariants for the chiral symmetry of langasite, which intriguingly contain all the ingredients for the
possible realization of topologically stable antiferromagnetic skyrmions.
Non-centrosymmetric magnets are outstandingly rich
systems for the emergence of various types of modulated
orders [1] and topological objects such as skyrmions [2].
This is related to the presence of the so-called Lifshitz
invariants, as was originally demonstrated for nominal
ferromagnets [3–5]. Similar considerations apply to nom-
inally collinear antiferromagnets in the absence of inver-
sion symmetry [6–8]. Thus, the popular multiferroic ma-
terial BiFeO3 displays a cycloidal long-wavelength mod-
ulation of its G-type antiferromagnetic order [9], and the
theoretically predicted topological defects for collinear
antiferromagnets of this class [6] have recently been re-
ported in Ref. [10]. Furthermore, the challenge of gener-
alizing these concepts to non-collinear antiferromagnets
motivates an increasing number of theoretical predictions
[11, 12] that remain to be experimentally tested.
To what extent these spin textures and their potential
chiral character are a source of magnetoelectric couplings
and multiferroicity is a pertinent and evolving question.
In this context, the langasite series with chemical for-
mula Ba3MFe3Si2O14 (M = Sb, Nb, Ta) offers a very
promising playground. These multichiral systems crys-
tallize in a chiral structure with P321 space-group sym-
metry, where the Fe3+ spins form a triangular lattice in
the ab plane [13–16]. These spins display an unconven-
tional magnetic order that is essentially determined by
frustrated exchange interactions and is peculiarly linked
to the chirality of the lattice [13, 15, 17]. Specifically, the
antiferromagnetic interactions within the Fe3+ spin tri-
angles lead to a non-collinear 120◦ order that is helically
modulated along the c direction with a periodicity ∼ 7c
due to competing out-of-plane exchange couplings (see
Fig. 1). The chirality of the 120◦ order is determined by
additional magnetocrystalline single-ion anisotropy and
Dzyaloshinskii-Moriya (DM) interactions, which then tie
the chirality of the helical modulation to the chirality of
the lattice [16, 17]. This peculiar magnetic order enables
static and dynamical magnetoelectric effects [18–20] and
generates an electric polarization that can be enhanced
or reversed by an applied magnetic field [17, 21, 22].
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FIG. 1. Illustration of the 120◦ Fe3+ spin order (a) and
its helical modulation along the c axis (b) emerging in the
Ba3MFe3Si2O14 series. The propagation vector is approxi-
mated to (0, 0, 1/7). The different crystallographic axes, as
well as the 3-fold and 2-fold rotation axes of the corresponding
P321 space group are indicated in (a).
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2In this Letter, we report the emergence of a novel
mesoscopic-scale texture of the 120◦ helical order in
Ba3TaFe3Si2O14 (BTFS). This texture is induced by the
application of a magnetic field H in the ab plane, and
is signaled by an extra contribution to the electric po-
larization measured for µ0H ≥ 4 T. Combining resonant
X-ray diffraction (RXD) and neutron scattering exper-
iments, we unveil the magnetic transition behind this
singular multiferroic behavior. In accord with the Lif-
shitz invariants allowed by the chiral P321 symmetry,
the transition can be explained naturally as a continuous
onset of a long-wavelength transverse conical modulation
at high field out of the initial 120◦ helical phase at low
fields (double spiral). This mechanism represents a gen-
uine extension of previous models that were restricted to
simple antiferromagnets [6] to the more general case of
non-collinear spin orders and spiral magnets.
Figs. 2(a) and (b) show the pyroelectric current along
the a-axis as a function of temperature for different val-
ues of the magnetic field applied along b∗ and for the two
structural chiralities (see [23] for experimental details).
The measured current develops two clear features that
are enhanced by the magnetic field. The first one signals
the Ne´el temperature TN = 28 K while the second peak
appears at 4 T with a maximum at ∼ 5 K which shifts to
∼ 14 K at 8 T. Interestingly, the relative sign of these fea-
tures depends on the structural chirality, as can be seen
from the comparison between Figs. 2(a) and (b). The
corresponding electric polarization is shown in Fig. 2(c)
and (d). When the two pyroelectric-current features have
the same sign, the electric polarization displays a mono-
tonic behavior as a function of the temperature [Figs. 2
(a) and (c)]. However, when the signs are opposite, the
behavior is non-monotonic and the polarization is even-
tually reversed as in [21] [Figs. 2(b) and (d)]. We note
that the maximum component of the polarization is per-
pendicular to the applied field in the ab plane, which is
also the case for H||a (additional measurement details
can be found in [23]).
To understand the origin of the two electric polariza-
tion signals, we looked for possible field-induced changes
in the magnetic structure by neutron diffraction. Exper-
iments were performed on the CEA-CRG D23 two-axis
diffractometer at the Institut Laue Langevin with an in-
cident wavelength of 1.2794 A˚. We measured BTFS sam-
ples with both structural chiralities at 1.5 K and under
a magnetic field up to 12 T applied along the a and b∗
directions. We observed a rise of intensity at the zone
center reflections, compatible with a ferromagnetic spin
component induced by the field along a [23]. The first-
order magnetic satellites (0, k, l ± τ) with τ=0.1385,
accounting for the helical modulation along the c-axis,
remain constant for fields up to ≈ 4 T before decreas-
ing on further increasing fields [Fig. 3 (a)]. We also
followed the evolution of second-order harmonics (0, k,
l± 2τ) of pure structural origin in zero field (ascribed to
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FIG. 2. (a-b) Temperature dependence of the pyroelectric
current measured along the a-axis for several values of the
magnetic field applied along b∗. (a) and (b) correspond to
two samples with opposite structural chiralities. The sam-
ples were cooled under a small poling field of ∼10 kV/m to
ensure the selection of a single domain and to suppress a par-
asitic zero-magnetic–field signal that grows with the poling
field strength. (c-d) Electric polarization obtained by inte-
grating the pyroelectric data in (a-b), respectively. The insets
show the electric polarization as a function of the magnetic
field at T = 4 K.
magnetoelastic effects) [Fig. 3 (b)] [17]. Several of these
reflections slightly rise with increasing field due to the
onset of a magnetic contribution induced by the defor-
mation of the helix in the applied field. No change of the
propagation vector was observed within the accuracy of
the experiment, which also holds for H ‖ b∗ and for both
structural chiralities. These results clearly indicate that
the magnetic structure changes under the applied field
above 4 T.
To gain additional information about the new mag-
netic structure, complementary small angle neutron scat-
tering (SANS) measurements with high scattering vector
Q-resolution were performed at the SANS-I and SANS-
II instruments at SINQ, Paul Scherrer Institut with a
wavelength of 4.6 A˚ (see [23] for more information). The
measurements were performed under a magnetic field up
to 10.5 T applied along b∗. The field and temperature
dependence of the rocking curve at the (0, 0, τ) position
are shown in Figs. 3(c) and (d) respectively. At 1.5 K,
the (0, 0, τ) satellite develops a clear shoulder when the
applied field is higher than 4 T. This shoulder disappears
when the temperature is increased above 20 K. This fea-
ture corresponds to a modulation of the spin structure
perpendicular to the (0, 0, τ) reflection propagating along
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FIG. 2. Dependence of the of Bragg reflections at T = 1.5 K
measured with neutron di↵raction on D23 for a magnetic field
applied along the a-axis. Integrated intensity of zone center
reflections (a), of first order magnetic satellites (⌧) (b), and of
second order magnetic satellites (2⌧) (c). (d) Rocking curve
of the (0, 0, ⌧) magnetic reflection measured on SANS-I at 20
and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
the presence of the satelite reflection at the low temperature.
tion (0, 0, ⌧) develops a shoulder, and a further increase
in field strength shows a clear satellite for ⇡ polarized
x-rays [see Fig. 3(a)], which is a direct evidence for a
magnetic phase transitions. The additional incommensu-
rate component, denoted by   emerges along the applied
field direction and is labelled (± , 0, ⌧). This new compo-
nent that is perpendicular to the zero field ordering wave
vector reaches   ⇡ 0.004 ± 0.0006 in reciprocal lattice
units at 6.8 T, which corresponds to an incommensurate
modulation with real-space periodicity of 240 ± 40 nm.
The (0, 0, 2⌧) reflection, which arises due to magnetically
induced structural distortions, also undergoes an addi-
tional modulation at the transition [see Fig. 3(b)]. Note
that at the Fe L3 resonance, it is a direct measure of the
magnetic induced orbital Fe 3d shell deformation.
Polarization dependence of the first order magnetic re-
flections in zero fields are sensitive primarily to the out-
of-plane butterfly modulations of the spins on the Fe
atoms. [13, 19]. In applied magnetic fields, the polar-
ization dependence gets more complex showing that the
satelites do have significant in plane moments contribut-
ing to the signal. To gain additional information about
the overall magnetic structure, complementary small an-
gle neutron scattering measurements with improved Q-
resolution were performed at the SANS-I instrument at
SINQ, Paul Scherrer Institut. In contrast to RXD, the
neutron scattering intensity for the (0, 0, ⌧) Bragg reflec-
FIG. 3. Dependence of the scattered intensity along (h, 0,
⌧) as a function of applied field along the crystallographic a
axis for (a) ⇡ and (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) Scattered intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature dependence of the (0,0,⌧) reflection through a
rocking curve measurement showing its splitting below 10 K
for a magnetic field of 6.8 T along the a-axis.
tion is a consequence of the helical modulation. It is how-
ever only visible along (0, 0, L) because there is a net de-
viation of the in-plane moments from the triangular spin
configuration [14]. Fig. 2(d) shows the rocking curve
along the (H, 0, 0) direction measured on SANS-I evi-
dencing a clear shoulder at low temperature. Comparing
the intensity of the two peaks for the X-ray and neutron
case, one can say that the magnitude of change in the
spin structure due to the  -modulation is comparable to
the magnitude of the cˆ axis canting of the moments.
To ascertain that the emergence of this spin texture
is indeed behind the polarization features observed in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) reflections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset of the  -modulation was found to per-
fectly match the occurrence of the second component of
the pyrocurrent and relate to the inflection points in the
net polarization [see Fig. 4]. It can also be identified by
an anomaly of the elastic constants [20].
Next, we discuss the origin of this unprecedented mag-
netic texture. This can be conveniently done in terms
of the parametrization introduced in [21] (see also [22]).
This parametrization exploits the fact that the 120  or-
der within the Fe triangles is such that S1+S2+S3 = 0
with S21 = S
2
2 = S
2
3, so that it can be entirely described
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second order magnetic satellites (2⌧) (c). (d) Rocking curve
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and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
the presence of the satelite reflection at the low temperature.
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FIG. 2. Dependence of the Bragg reflections at T = 1.5 K
measured with neutron di↵raction on D23 for a magn tic
field applied al ng the a-axis. Integrated intensity of first or-
der magnetic satellites (⌧) (b), and of second order magnetic
satellites (2⌧) (a). Rocking curve of the (0, 0, ⌧) magnetic
reflection measured on SANS-I between 20 and 1.8 K under
a magnetic field of 6.8 T ( ), and at 1.5 K under a magnetic
field f 0 and 6.8 T (d). The lines are pseudo-Voigt fits. The
arrows indicate the presen e of the field-induced   satellite
reflection.
for ⇡ polarized x-rays [see Fig. 3(a)]. This behavior gives
direct evidence for a second-order mag etic phase transi-
tion occurring at approximately 4 T. The additional in-
comm nsurate component, enoted by   emerges along
th applied field dir ti n a is labeled (± , 0, ⌧). Note
that the slight drift of the main reflection is artificial and
caused by small motions of the sample holder. This new
magnetic component is perpendicular to the zero field
ordering wave vector and reaches   ⇡ 0.0040± 0.0006 in
reciprocal lattice units at 6.8 T, which corresponds to an
incommensurate modulation with real-space periodicity
of 240 ± 40 nm.
The (0, 0, 2⌧) reflection also undergoes an additional
modulation at the transition [see Fig. 3(c)]. Note that
at the Fe L3 resonance, it is a direct measure of the mag-
netic induced orbital deformation (admixture) in the Fe
3d shell that is responsible for the structural distortion.
The (± , 0, ⌧) reflection can additionally be observed at
the oxygen K-edge, which is indicative of an orbital mag-
netic m ent at the oxyge site (see [25]).
The first-order mag etic reflections in zero field are i -
dependent of x-ray polarization showing that they are
primarily sensitive to the out-of-plane modulations of
the spins on the Fe atoms. [18, 24]. In applied mag-
netic fields, the polarization dependence becomes more
complex (see [25]) showing significant in-plane moments
contribute to the signal. The dependence on the circu-
lar polarization of light [25] reveals the sensitivity to the
chirality of the magnetic structure. To gain additional in-
FIG. 3. Dependence of the scattered intensity along (H, 0, ⌧)
as a function of applied field along the crystallographic a⇤ axis
for (a) ⇡ and (b)  -polarized incid nt x-rays, collected at T =
5K and E = 709.2 eV. (c) Scattered intensity along (H, 0, 2⌧)
for  -polarized x-rays at T=5K for Hk a⇤. (d) Temperature
depend nce f the (0, 0, 2⌧) reflection in a magnetic field of
6.8 T along the a⇤-axis.
formation on the overall magnetic structure, complemen-
tary small angle neutron scattering measurements with
improved Q-resolution were performed at the SANS-I in-
strument at SINQ, Paul Scherrer Institut. The wave-
length was 4.6 A˚, the sa le- o-detector distance equal
o 2.8 m and the ollima ion 18 m (see [25] for more in-
formation). In contrast to RXD, the neutron scattering
intensity for the (0, 0, ⌧) Bragg reflection is a consequence
of the in-plane helical modulation that is visible along
(0, 0, L) due to a deviation a net deviation of the in-plane
moments rom a perfect 120  spin configuration [19]. Fig-
ures 2(c,d) show the temperature and field dependence of
the rocking curve at the (0, 0, ⌧) position for a magnetic
field applied along a⇤. I evidences a clear shoulder on
th (0, 0, ⌧) satellit that start to rise at 1.5 K for field
val es  4 T. At 6.8 T, it disappears while increasing the
temperature between 5 and 20 K. The shoulder corre-
sponds to a modulation length estimated to be 220 nm
developing along the direction of the applied field that
is perpendicular to the (0, 0, ⌧) reflection, in good agree-
ment with the RXD experiments.
To confirm that the emergence of this spin texture
s inde d behind the polarization features observed in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) flections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset field of the  -modulation was found to
perfectly match the occurrence of the second component
of the pyroelectric current and relate to the inflection
points in the net polarization [see Fig. 4]. The transi-
tion can also be identified by an anomaly of the elastic
constants [26].
Next, we discuss the origin of this unprecedented
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FIG. 2. Dependence of the of Bragg reflections at T = 1.5 K
measured with neutron di↵raction on D23 for a magnetic field
applied along the a-axis. Integrated intensity of zone center
reflectio s (a), of first order magnetic satellites (⌧) (b), and of
second order magnetic satellites (2⌧) (c). (d) Rocking curve
of the (0, 0, ⌧) magnetic reflection measured on SANS-I at 20
and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
the presence of the satelite reflection at the l w temperature.
tion (0, 0, ⌧) develops a shoulder, and a furth r incr ase
in field strength shows a clear satellite for ⇡ polarized
x-rays [see Fig. 3( )], which is a direct vidence for a
magnetic phase transitions. The additional incommensu-
rate component, denoted by   emerges along he applied
field direction and is labelled (± , 0, ⌧). This new compo-
nent that is perpendicular to the zero field ordering wave
vector reaches   ⇡ 0.004 ± 0.0006 in reciproc l lattice
units t 6.8 T, which corresponds o an inco mensu ate
modulation with real-space periodicity of 240 ± 40 nm.
The (0, 0, 2⌧) reflection, which arises due to magnetically
induced structural distortions, also undergo s an addi-
tional modulation at the transition [see Fig. 3(b)]. Note
that at the Fe L3 resonance, it is a direct measure of the
magnetic induced orbit l Fe 3 shell defor ation.
P larization depe dence of the first order magne ic r -
flections in zero fields are sensitive primarily to the out-
of-plane butterfly modulations of the spins on the Fe
a oms. [13, 19]. In applied magnetic fields, the polar-
ization depende ce gets more complex showing that the
satelites do have significant in plane moments contribut-
ing to the signal. To gain additional information about
the overall magnetic structure, complementary small an-
gle neutron scattering measurements with improved Q-
resolution were performed at the SANS-I instrument at
SINQ, Paul Scherrer Institut. I contrast to RXD, the
neutron scattering intensity for the (0, 0, ⌧) Bragg refl c-
FIG. 3. Dependence of the scattered intensity along (h, 0,
⌧) as a function of applied field along the crystallographic a
axis for (a) ⇡ and (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) Scattered intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature depe dence of the (0,0,⌧) reflection through a
rocking curve m asurement showing its splitting below 10 K
for a magnetic field of 6.8 T along the a-axis.
tio is a consequence of the helical modulation. It is how-
ever only visible along (0, 0, L) because there is net de-
viation of the in-pla e moments from the triangular spin
configuration [14]. Fig. 2(d) shows the rocking curve
along the (H, 0, 0) direction measured on SANS-I evi-
denci g a clear shoulder at low temperature. Comparing
the intensity of the two peaks for the X- ay and neutron
case, on can say that the magnitude of change in the
spin structure due to the  -modulation is comparable to
the magnitude of the cˆ axis canting of the moments.
To ascertain that the emergence of this spi texture
is indeed behi the polarization features observed in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) reflections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset of the  -modulation was found to per-
fectly atch the occurrence of the seco d component of
the pyrocurrent and relate to the inflection points in the
net polarization [see Fig. 4]. It can also be identified by
an anomaly of the elastic constants [20].
Next, we discuss the origin of this unprecedented mag-
netic texture. This can be conveniently done in terms
of the parametrization introduced in [21] (see also [22]).
This parametrization exploits the fact that the 120  or-
der within the Fe triangles is such that S1+S2+S3 = 0
with S21 = S
2
2 = S
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FIG. 2. Dependence of the of Bragg reflection at T = 1.5 K
measured with neutron di↵raction on D23 for a magnetic field
applied along the a-axis. Integrated intensity of zone center
reflections (a), of first order magnetic sat llites (⌧) (b), and of
second order magnetic satellites (2⌧) (c). (d) Rocking curve
of the (0, 0, ⌧) magnetic reflection measured on SANS-I at 20
and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
the presence of the satelite r flection t th l w temperature.
tion (0, 0, ⌧) develops a should r, and a further i crease
in field strength shows a cl ar satellite for ⇡ p larized
x-rays [see Fig. 3( )], which is a direct evidence for a
magnetic phase transitions. The dditional inc mmensu-
rate component, denoted by   m rges along the applie
field direction and is labelled (± , 0, ⌧). This ew compo-
nent that is perpendicular t the zero field or ering wave
vector reaches   ⇡ 0.004 ± 0. 0 6 in reciprocal l ttice
units t 6.8 T, which correspon s to an inco mensurate
modulation with real-space periodicity of 240 ± 40 nm.
The (0, 0, 2⌧) reflection, w ich arises due to magnetically
induced structural distortions, also und rg es an ad i-
tional modulation at the transition [see Fig. 3(b)]. Note
that at the Fe L3 resonanc , it is a dir ct mea ure of th
magnetic induced orbit l Fe 3 shell d for ation.
P larization dependenc f the first ord r magnetic re-
flections in zero fields are sensitiv primarily to the out-
of-plane butterfly modulations of the spins on the Fe
atoms. [13, 19]. In applied magnet c fields, the polar-
ization depende ce gets more complex showing that the
satelites do have significant i plane moments contrib t-
ing to the signal. To gain additional information abou
the overall magnetic structure, compl mentary small an-
gle neutron scattering measu ements with improved Q-
resolution were performed at the SANS-I instrument at
SINQ, Paul Scherrer Institut. In contrast to RXD, the
neutron scattering intensity for the (0, 0, ⌧) Bragg reflec-
FIG. 3. Dependence of t e scattered intensity along (h, 0,
⌧) as a function of applied field along the crystallographic a
axis for (a) ⇡ and (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) Scattered intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature depe dence of the (0,0,⌧) reflection through a
rocking curve m asurement showing its splitting below 10 K
for magnetic field of 6.8 T along the a- xi .
tion is a conseque ce of the helical m dulation. It is how-
ever only visible along (0, 0, L) because there is net de-
viation of the in-plane moments from the triangul r spin
configuration [14]. Fig. 2(d) shows the rocking curve
along the (H, 0, 0) direction measured on SANS-I evi-
de ci g a clear shoulder at low t mperatur . Comparing
the intensity of the two peaks for the X-ray and neutron
case, one ca say that the magnitude of change in the
spi structure due to the  -modulation is comparable to
the magnitude of the cˆ axis canting of the moments.
To ascertain that the emergence of his spi texture
is in ed behind the polarization features observed in
Fig. 1, the (0, 0, ⌧) an (0, 0, 2⌧) reflections were mapped
out throughou the (H,T ) phase diagram of BTFS using
RXD. The onset of the  -modul tion was found to per-
f ctly match the occurrence of the second component of
the pyrocurre t and relate to the inflection points in the
net p larization [see Fig. 4]. It can also be identified by
an anomaly of the elastic constants [20].
ext, we discuss the origin of this unprecedented mag-
ne ic texture. This ca b conve iently done in terms
of the paramet ization introduced in [21] ( ee also [22]).
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FIG. 2. Depen e ce of the Bragg flections at T = 1.5 K
measured with neutron i↵raction on D23 for a m gn tic
field applied al ng the a-axis. Integrated intensity of first or-
der magnetic satellites (⌧) (b), and of second order magnetic
satellites (2⌧) (a). Rocking curve of the (0, 0, ⌧) magnetic
reflection measured on SANS-I between 20 and 1.8 K under
a magnetic field of 6.8 T ( ), and at 1.5 K under a magnetic
field f 0 and 6.8 T (d). The lines are pseudo-Voigt fits. The
arrows indicate the presen e of the field-induced   satellite
reflection.
for ⇡ polarized x-rays [see Fig. 3(a)]. This behavior gives
direct evidence for a second-order mag etic phase transi-
tion occurring at approximately 4 T. The additional in-
commensurate component, enote by   emerges along
th applied fi l dir ti n a is label d (± , 0, ⌧). Note
that he slight drift of the main reflection is artifici l and
cause by small otions of the sample holder. Th s new
agnetic component is perpendicular to the zero field
ordering wave vector and re ches   ⇡ 0.0040± 0.0006 in
reciprocal lattice units at 6.8 T, which corresponds to an
incommensurate modulation with real-space peri dicity
of 240 ± 40 n .
The (0, 0, 2⌧) reflection also undergoe an addi ional
modulation at the transition [see Fig. 3(c)]. Note that
at t e Fe L3 esonance, it is a direct measu e of the mag
n tic induced orbital deformation (admixture) in the F
3d shell that is responsible for the structural dist rtion.
The (± , 0, ⌧) reflection can additionally be obs rved at
the oxygen K-edge, which is indicativ of an orbital ag-
netic m nt at the xyge site (see [25]).
The first-order mag etic reflections in zero field are i -
dependent of x-ray polarization showing that they are
primarily sensitive to the out-of-plane mo ulations of
the spins on the Fe atoms. [18, 24]. In applied mag-
netic fields, the polarization dependence becomes more
complex (see [25]) showing significant in-plane moments
contribute to the signal. The dependence on the circu-
lar polarization of light [25] reveals the sensitivity to the
chirality of the magnetic structure. To gain additional in-
FIG. 3. Dependence of the scattered intensity along (H, 0, ⌧)
as a function of applied field along the crystallographic a⇤ axis
for (a) ⇡ and (b)  -polarized incid nt x-ray , c llected at T =
5K and E = 709.2 eV. (c) S tt red intensity along (H, 0, 2⌧)
for  -polarized x-rays at T=5K for Hk a⇤. (d) Temperature
depen nce f the (0, 0, 2⌧) reflecti n i a magnetic field of
6.8 T along the ⇤-axis.
for atio on the overall magnetic struct re, compleme -
tary small angle neutron scattering measurements with
improved Q-resolution were performed at the SANS-I i -
strument at SINQ, Paul Scherrer Institut. The wave-
length was 4.6 A˚, the sa le- o-detector distance equal
o 2.8 m and the olli a ion 18 m (see [25] for more in-
formatio ). In contrast to RXD, the ne tron scattering
intensi y for t (0, 0, ⌧) Bragg reflection is a consequence
of the in-plane helical modulation that is visible along
(0, 0, L) due to a deviation a net deviation of the in-plane
moments rom a perfect 120  spin configuration [19]. Fig-
ures 2(c,d) show the temperature and fiel dependence of
the rocking curve at the (0, 0, ⌧) position for a magnetic
field applied along a⇤. I evidences a clear shoulder on
th (0, 0, ⌧) satellit that start to rise at 1.5 K for field
v l es  4 T. A 6.8 T, it disappears while increasing th
temperature between 5 and 20 K. The should corre-
sponds to a modul tion length estimated to b 220 nm
developin along the direction of the applied field that
is perpendicular to the (0, 0, ⌧) reflection, in good agree-
ment with the RXD expe iments.
To confirm that the emergence of this spin texture
s i de d behind the polarization features observed in
Fig. 1, the (0, 0, ⌧) a d (0, 0, 2⌧) flections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset field of the  -modulation was found to
perfectly match the occurrence of the second component
of the pyroelectric current and relate to the inflection
points in the net polarization [see Fig. 4]. The transi-
tion can also be identified by an anomaly of the elastic
constants [26].
Next, we discuss the origin of this unprecedented
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measured with neutron di↵raction on D23 for a mag etic field
applied along the a-axis. Integrated intensity of zone center
reflections (a), of first order magnetic satellites (⌧) (b), and of
second order magnetic satellites (2⌧) (c). (d) Rocking curve
of he (0, 0, ⌧) magnetic refl ction measured on SANS-I at 20
and 1.8 K under a agnetic field of 6.8 T. The arrow indi tes
the pr sence of the satelite reflection at the l w temper ture.
tion (0, 0, ⌧) develops a shoulder, and a furth r i cr s
in field strength shows a clear a ellit for ⇡ polarize
x-rays [s e Fig. 3( )], which is a direct vidence for a
magnetic phase transitions. The additional incommensu-
rate omp nent, denot d by   merges along he applied
fi ld direction and is lab lled (± , 0, ⌧). This new compo-
nen that is perpendicular to the zero field rdering wav
vector reaches   ⇡ 0.004 ± 0.0006 in reciproc l lattice
units t 6.8 T, which corr sponds to an inco mensurate
modulation with r l-space perio icity of 240 ± 40 nm.
The (0, 0, 2⌧) r flection, w ich arises due t magnetical y
induced structural distor ions, also und rgo s an addi
tio al odulation at the transition [see Fig. 3(b)]. Not
that at the F L3 res anc , it is a direct measure of the
magnetic induced orbit l Fe 3 shell defor ation.
P larization d pe dence of the first order magne ic r
flections in zero fields are sensitive primarily to th out
of-p ane butterfly modul ti s of the spins on the Fe
a oms. [13, 19]. In appl ed magnetic fields, the polar-
iza ion d pende ce gets more complex showing that the
satelites do have significant in plane moments contribut-
ing to the sign l. To gain additional information about
the verall magnetic structure, complementary small an-
gle neutron scattering measurements with improved Q-
resolution were performed at the SANS-I instrument at
SINQ, Paul Scherrer Institut. In contrast to RXD, the
neutron scattering intensity for the (0, 0, ⌧) Bragg refl c-
FIG. 3. Depen ence of the scatter d int nsity along (h, 0,
⌧) as a function of applied field along the crystallographic a
axis for (a) ⇡ and (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) Scattered intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature epende ce f the (0,0,⌧) reflection thro gh a
rocking curv m asurement showing i s spl tting below 10 K
for a magnetic field of 6.8 T along the a-axis.
i is a consequence of the helical modulation. It is how-
ever only visible along (0, 0, L) because there is net de-
viation of he in-plane moments from the triangular spin
configura ion [14]. Fig. 2(d) shows the rocking curve
along the (H, 0, 0) direction measured on SANS-I evi-
den i g a clear shoulder at low temperature. Comparing
the intensity of the two peaks for the X-ray and neutron
case, on can say that the magnitude of change in the
spin structure du to the  -modulation is comparable to
he magnitude of e cˆ axis canting of the moments.
To ascerta n that the emergence of this spi texture
is indeed behi the polariza ion features observed in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) reflections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset of the  -modulation was found to per-
fectly atch the occurrence of the second component of
the pyrocurrent and relate to the inflection points in the
net polarizatio [se Fig. 4]. It can also b identified by
an anomaly of the elastic co stants [20].
Next, we discuss the origin of this unprecedented mag-
netic texture. This can be conveniently done in terms
of the parametrization introduced in [21] (see also [22]).
This parametrization exploits the fact that the 120  or-
der within the Fe triangles is such that S1+S2+S3 = 0
with S21 = S
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FIG. 2. Dependence of the of Bragg reflection at T = 1.5 K
measured with neutron di↵raction on D23 for a magnetic field
applied along the a-axis. Integrated intensity of zone center
reflections (a), of first order magnetic sat llites (⌧) (b), and of
second order magnetic satellites (2⌧) (c). (d) Rocking curve
of the (0, 0, ⌧) magnetic reflection measured on SANS-I at 20
and 1.8 K under a magnetic field of 6.8 T. The arrow indi tes
the pr sence of the satelite reflection at the l w temper ture.
tion (0, 0, ⌧) develops a should r, and a further i creas
in field strength shows a cl ar a ellite for ⇡ p larized
x-rays [see Fig. 3( )], which is a direct evidence for a
magnetic phase transitions. The dditional inc mmensu-
rate omponent, denoted by   m rges along the applied
field direction and is lab lled (± , 0, ⌧). This new compo-
nen that is perpendicular t the zero field or ering wave
vector reaches   ⇡ 0.004 ± 0. 0 6 in eciprocal l tice
units t 6.8 T, which correspon s to an inco mensurate
modulation with real-space periodicity of 240 ± 40 nm.
The (0, 0, 2⌧) reflection, w ich arises due to magnetically
induced structural distortions, also und rg es an ad i
tional modulation at the ransition [see Fig. 3(b)]. Not
that at the Fe L3 resonanc , it is a dir ct mea ure of th
magnetic induced orbit l Fe 3 shell d for ation.
P larization d pendenc f the first ord magnetic re
flections in zero fields are sensitive primarily to th out
of-p ane butterfly modulations of the spins on the Fe
atoms. [13, 19]. In appl ed magnet c fields, the polar-
ization depende ce gets more complex showing that the
satelites do have significant i plane moments contrib t-
ing to the signal. To gain additional information abou
the overall magnetic structure, complementary small an-
gle neutron scattering measu ements with improved Q-
resolution were performed at the SANS-I instrument at
SINQ, Paul Scherrer Institut. In contrast to RXD, the
neutron scattering intensity for the (0, 0, ⌧) Bragg reflec-
FIG. 3. Dependence of the scattered intensity along (h, 0,
⌧) as a function of applied field along the crystallographic a
axis for (a) ⇡ and (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) Scattered intensity along
(h, -h, ⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature d pe dence of the (0,0,⌧) reflection through a
rocking curve m asurement showing i s spl tting below 10 K
for magnetic field of 6.8 T along the a- xi .
tion is a conseque ce of the helical m dulation. It is how-
ever only visible along (0, 0, L) because there is net de-
viation of he in-plane mome ts from the triangul r spin
configuration [14]. Fig. 2(d) shows the rocking curve
along the (H, 0, 0) direction measured on SANS-I evi-
de ci g a clear shoulder at low t mperature. Comparing
the intensity f the two peaks for the X-ray and neutr n
case, one ca say that the magnitude of change in the
spi structure due to the  -modulation is comparable to
the magnitude of the cˆ axis canting of the moments.
To ascerta n that the emergence of his spi texture
is in ed behind the polariza ion features observed in
Fig. 1, the (0, 0, ⌧) an (0, 0, 2⌧) reflections were mapped
out throughou the (H,T ) phase diagram of BTFS using
RXD. The o set of the  -modul tion was found to p r-
f ctly match the occurrence of the second c mponent of
the pyrocurre t and relate to the inflection points in the
net p larization [see Fig. 4]. It can also be identified by
an anomaly of the elastic constants [20].
ext, we discuss the origin of this unprecedented mag-
ne ic texture. This can b conve iently done in terms
of the paramet ization introduced in [21] (see also [22]).
This parame rization exploits the fact hat the 120  or-
der within the Fe triangles is such that S1+S2+S3 = 0
with S21 = S
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FIG. 2. Depen e ce of the Bragg flections at T = 1.5 K
measured with neutron di↵raction on D23 for a m gn tic
field applied al ng the a-axis. Integrated intensity of first or-
der magnetic satellites (⌧) (b), and of second order magnetic
satellites (2⌧) (a). R cking curve of the (0, 0, ⌧) magnetic
reflection measured on SANS-I between 20 and 1.8 K u der
a magnetic field of 6.8 T ( ), and at 1.5 K under a magnetic
field f 0 and 6.8 T (d). The lines are pseudo-Voigt fits. The
arrows indicate the presence of the field-induced   satellite
reflection.
for ⇡ polarized x-rays [see Fig. 3(a)]. This behavior gives
direct evidence for a second-order mag etic phase transi-
tion occurring at approximately 4 T. The additional in-
comm nsurate component, enote by   emerges along
th applied fi l dir ti n a is label d (± , 0, ⌧). Note
that he slight drift of the main reflection is artificial and
cause by small o i s of sample holder. This new
agnetic co ponent is perpendicular to the zero field
ordering wave vector and re ches   ⇡ 0.0040± 0.0006 in
reciprocal lattice units at 6.8 T, which corresponds to an
incommensurate modulation with real-space periodicity
of 240 ± 40 n .
The (0, 0, 2⌧) reflection also undergoe an addi ional
modulation at the transition [see Fig. 3(c)]. Note that
at t e Fe L3 esonance, it is a direct measu e of the mag-
n tic induced orbital deformation (admixture) in the F
3d shell that is responsible for the structural dist rtion.
The (± , 0, ⌧) reflection can additionally be obs rved at
the oxygen K-edge, which is indicativ of an orbital ag-
netic m nt at the xyge site (see [25]).
The first-order mag etic reflections in zero field are i -
dependent of x-ray polarization showing that they are
primarily sensitive to the out-of-plane modulations of
the spins on the Fe atoms. [18, 24]. In applied mag-
netic fields, the polarization dependence becomes more
complex (see [25]) showing significant in-plane moments
contribute to the signal. The dependence on the circu-
lar polarization of light [25] reveals the sensitivity to the
chirality of the magnetic structure. To gain additional in-
FIG. 3. Depen nce of th scattered intensity along (H, 0, ⌧)
as a functio of ap lied field along the crystallographic a⇤ axis
f r (a) ⇡ a d (b)   pol rized incid nt x-rays, coll cted at T =
5K and E = 709.2 eV. (c) Sc ttered intensity along (H, 0, 2⌧)
for  -polarized x-rays t T=5K for Hk a⇤. (d) Temperature
depen nce f the (0, 0, 2⌧) reflecti n i a magnetic field of
6.8 T along the ⇤-axis.
for ation on the overall magnetic structure, complemen-
tary small angle neutron scattering measurements with
improved Q-resolution were performed at the SANS-I in-
strument at SINQ, Paul Scherrer Institut. The wave-
length was 4.6 A˚, the sa le- o-detector distance equal
o 2.8 m and the olli a ion 18 m (see [25] for more in-
form ti n). In contrast to RXD, the ne tron scattering
intensi y for t (0, 0, ⌧) Bragg reflectio is a consequence
of the in-plane helical modulation that is visible along
(0, 0, L) du to a eviation net deviation of the in-plane
moments rom a perfect 120  spin configuration [19]. Fig-
ures 2(c,d) show the temperature and field dependence of
the rocking curve at the (0, 0, ⌧) position for a magnetic
field applied along a⇤. I evidences a clear shoulder on
th (0, 0, ⌧) satellit that start to rise at 1.5 K for field
v l es  4 T. A 6.8 T, it disappears while increasing th
temperature between 5 and 20 K. The should r corre-
sponds to a modul tion length estimated to b 220 nm
developin along the direction of the applied field that
is perpendicular to the (0, 0, ⌧) reflection, in good agree-
ment with the RXD experiments.
To confirm that the emergence of this spin texture
s inde d behind the polarization features observed in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) flections were mapped
out throughout the (H,T ) phase diagram of BTFS using
RXD. The onset field of the  -modulation was found to
perfectly match the occurrence of the second component
of the pyroelectric current and relate to the inflection
points in the net polarization [see Fig. 4]. The transi-
tion can also be identified by an anomaly of the elastic
constants [26].
Next, we discuss the origin of this unprecedented
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FIG. 2. Dependence of the of Bragg refle t ons at T = 1.5 K
measured with n utron di↵raction on D23 for a magnetic field
applied along the a-axis. Integrated intensity of zo center
reflections (a), of first order ma netic sa llites (⌧) (b), and of
s cond rder magnetic satellites (2⌧) (c). ( ) Rocking curve
of the (0, 0, ⌧) magnetic reflec ion measured on SANS-I at 2
and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
t e presence of the s t lite reflection at the low temperatur .
tio (0, 0, ⌧) deve ops a shoulder, and a f rther cre se
in field t ength shows clear satellite o ⇡ polarized
x-rays [see Fi . 3( )], which is a dire t evidence for a
agnetic phas transitions. Th a ditional i commensu-
rate component, de ted by   merges along the applied
field dir c ion and is labelled (± , 0, ⌧). This n w compo-
nent that s p rpendicular t the zero fi ld ord ring wave
vector eaches   ⇡ 0.004 ± 0.0006 in recip ocal lattice
units a 6.8 T, which c rrespond to an in omme surate
modul on wit real-spac eriodici y of 240 ± 40 nm.
The (0, 0, 2⌧) r flection, ic ris s due t mag etically
ind ced structural distortions, al o ndergoes an addi-
tional modula ion at th tra itio [see Fig. 3(b)]. N te
t a the Fe L3 r sonance, it is a dir ct easure of the
mag e ic induced orb tal F 3d hell d for ation.
Polarizatio pendence f the first orde mag etic re-
flections in z ro fields are sensitive ri arily to the out-
of-plan butterfly m dulations of the spins on the Fe
atoms. [13, 19]. In applied magne ic fi lds, the pol r-
izati dep de ce g ts more complex showing that the
satelites o hav sig ificant i plane moments con bu -
ing to the signal. To ai additio al infor tion abo t
he overall magnetic s ructure, compl mentary small an-
gle eu ron scatt ring measur ments with i proved Q-
resolution were p rformed at he SANS-I instrument at
SINQ, Paul Sche r Institu . In contrast to RXD, he
ne tron scattering i e ity f r th (0, 0, ⌧) Bragg reflec-
FIG. 3. Dependence of the scattered intensity along (h, 0,
⌧) as a functio of applied field along the crystallographic a
axis for (a) ⇡ a d (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) S att red intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperature dependence of the (0,0,⌧) reflection through a
rocking curv measur ment showing its splitting below 10 K
for a magnetic fi ld f 6.8 T al ng the a-axis.
tion s a con equence of th helical modulation. It is h w-
ever only visible along (0, 0, L) beca s there is net de-
viation of he in-pla e moments from th riangular spin
c nfigura on [14]. Fig. 2(d) hows roc ing curve
al g the (H, 0, 0) direct on measured on SANS-I evi-
dencing a cle r houl r t ow t mperature. Comparing
the i te sity of t e two peaks for the X-ray and neut on
case, one can say that th magni ude of ch ge in the
spi structure due o the  -modulation is comparable to
the magni d of the cˆ axis canting of the moments.
To ascertain that the emergence of his spi texture
is in eed behind the polariza ion feature observ in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) reflections were mapped
ou throughou the (H,T ) phase diagram of BTFS using
RXD. Th onset of the  -modula ion was found to per-
f ctly match th ccurr nce f the second c mp ent of
the pyrocurrent and relate to e infl tion po nts in he
net olarization [see Fig. 4]. I can also b ide tified by
an an maly of the lastic consta ts [20].
Next, we discuss t origin of this unprecedented mag-
netic texture. This can be c nveniently don in terms
of he parametrization introduced in [21] (see also [22]).
This par metrization exploits the fact that the 120  or-
der within the F ria gles is uch tha S1+S2+S3 = 0
with S21 = S
2
2 = S
2
3, so hat it can be entirely described
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FIG. 2. Dependence of the of Bragg reflections at T = 1.5 K
measured with n utron di↵raction on D23 for a magnetic fi ld
applied along the a-axis. Integrated intensity of zo center
reflections (a), of first order ma netic sa llites (⌧) (b), and of
second rder magnetic satellites (2⌧) (c). (d) Rocking curve
of the (0, 0, ⌧) magnetic reflec ion measure on SANS-I at 2
and 1.8 K under a magnetic field of 6.8 T. The arrow indicates
the presence of the s telite reflection at the low temperatur .
tio (0, 0, ⌧) develops a should r, a d a further cre s
in field strength shows a cl ar satellite o ⇡ p larized
x-rays [see Fi . 3(a)], which is a dir c vi nc f r a
agnetic phase transitions. The itional incommensu-
rate component, de oted by   em rges along the pplied
field dir ction and is labelled (± , 0, ⌧). This n w compo-
nent that is perpendicular t the z ro ord ri g wave
vector reaches   ⇡ 0.004 ± 0. 0 6 in ecip ocal lattic
units a 6.8 T, which correspon to an in o mensurate
modul ion wit real-spac eriodici y of 240 ± 40 nm.
The (0, 0, 2⌧) reflection, ic aris s due to mag tic lly
induced structural distor ions, al o und rg es an addi-
tional modula ion at the tr itio [ ee Fig. 3(b)]. Note
th at the Fe L3 r sonanc , it is ir ct mea u e of the
magne ic induced orb tal F 3d he l d f r ation.
Polarization dependence f the first orde ag tic re-
flections in zero fields are sensitiv ri rily to the out-
of-plane butterfly modulations of the spins on the Fe
atoms. [13, 19]. In applied magne c fi lds, the polar-
ization dependence gets more complex showing that the
satelites do hav sig ificant i plane oments cont ib t-
ing to the signal. To gai additio al infor ation about
the overall magnetic structure, complementary s all an-
gle neutron scatt ri g measu ements with i proved Q-
resolution were p rformed a the SANS-I in trument at
SINQ, Paul Scherrer Institu . In contrast to RXD, he
neutron scattering i te ity for the (0, 0, ⌧) Bragg reflec-
FIG. 3. Dependence of the scattered intensity along (h, 0,
⌧) as a fu ctio of applied field along the crystallographic a
axis for (a) ⇡ a d (b)  -polarized incidnent x-rays, collected
at T = 5K and E = 709.2 eV. (c) S att red intensity along
(h, -h, 2⌧) for  -polarized x-rays at T=5K for Hk b⇤. (d)
Temperatur dependence of the (0,0,⌧) reflection through a
rocki g curv measur ment showing its splitting below 10 K
for a magnetic fi ld f 6.8 T al ng t a- xis.
tion s a conseque ce of th helical m du t on. It is how-
ever on y visible along (0, 0, L) b ca s there is a net de-
viation of in- a e mome ts from the riangular spin
c nfigurat on [14]. Fig. 2(d) hows r cking curve
al g the (H, 0, 0) direction measured on SANS-I ev -
d i g a cl ar shoul er at low mperatur . Comparing
the intensity of t e wo peaks fo the X-ray and n ut n
as , one ca say that th magni ude of ch ge in the
spi structure due o the  -modulation is comparable to
the magni d of the cˆ axis canting of the moments.
T asc rtai th t the emergence of his spi texture
is in ed behind th polariza i n feature observ in
Fig. 1, the (0, 0, ⌧) and (0, 0, 2⌧) reflections were mappe
out th ughou the (H,T ) phase diagram of BTFS using
RXD. The set of the  -modul tion was found to per-
f ctly match th ccurrenc f the second c mpo ent of
th pyrocurre t and relate to the infl tion poin s in he
net larization [see Fig. 4]. I can also be ide tified by
an an maly f the lastic consta ts [20].
ext, we discuss the origin of this unprecedented mag-
ne ic textu e. This ca b c nve i n ly don in terms
of the paramet iza ion introduced in [21] (s e also [22]).
This par metrization xploi s the fact that the 120  or-
der within the Fe riangles is u h tha S1+S2+S3 = 0
with S21 = S
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FIG. 2. Dep n ence of the Bragg reflections at T = 1.5 K
m asured with neutron di↵raction on D23 for a magn ic
field applied l ng the a-axis. Integrated intens ty first or-
d r mag etic satelli es (⌧) (b), a d of seco d order magnetic
satellites (2⌧) ( ). Rocking curve of the (0, 0, ⌧) agnetic
refl ction measured on SANS-I etween 20 and 1.8 K u der
a etic field of 6.8 T ( ), and at 1.5 K under a magnetic
fi d f 0 and 6.8 T (d). The lines re pseudo-Voigt fits. The
arrows indicat the presen of the field-induced   satellite
reflection.
for ⇡ polariz d x-rays [see Fig. 3(a)]. This behavior gives
direct evidence for a secon -order mag etic phase transi-
tion occurr ng at approximately 4 T. The a ditional in-
comm nsurat c mpo n , enoted by   em rges along
th appl ed field di i n a is ab led (± , 0, ⌧). Note
that the slight rift of the main reflection is artificial and
caused by small otions of the sample holder. This new
magnetic co ponent i perpendicular to the zero field
ord ring wave vector and reaches   ⇡ 0.0040± 0.0006 in
reciprocal lattice units at 6.8 T, which corresponds to a
inc mensurat modulation with r al- a e perio icity
of 240 ± 40 nm.
The (0, 0, 2⌧) reflection also und rg es an a d tional
modulation at the tra sition [see Fig. 3(c)]. Note that
at the Fe L3 reso a ce, it is a dire t measure of the mag-
netic duced orbi al deformation (admixture) in the Fe
3d shell that is responsible for the stru tural distor ion.
The (± , 0, ⌧) r flectio can additio ly be observ d at
the oxyge K-edg , which is indicat ve of an orbital ag-
netic m en at the xyge ite (se [25]).
The first-order magnet c reflections in zero field are i -
dependent of x-ray polarization showing that y are
primarily s nsitive to the ou - f-plane modulations of
the spins on the Fe atoms. [18, 24]. In applied mag-
netic fields the polarizatio dependence c mes ore
complex (see [25]) sh wing s gnificant in-plane om nts
cont ibute to t signal. The dep ndence on the circu-
lar polarization of light [25] reveals t sensitivity t the
chirality of the magnetic structure. To gain additional in-
FIG. 3. Depend nce of the scattered intensity along (H, 0, ⌧)
as a function of applied field along the crystallographic a⇤ axis
for (a) ⇡ and (b)  -pol rize incid nt x- ays, c llected at T =
5K a d E = 709.2 eV. (c) Scattered intensity along (H, 0, 2⌧)
for  -polarized x-rays at T=5K for Hk a⇤. (d) Temperature
depend nce f the (0, 0, 2⌧) reflection in a mag tic field of
6.8 T alo g the a⇤-axis.
formation on the overall magnetic structure, complemen-
tary small angle n utron scattering measurements with
improved Q-resolution were performed at the SANS-I in-
st u ent at SINQ, Paul Scherre Institut. The wave-
length was 4.6 A˚, the sa l - -detector distance equal
o 2.8 m and th ollima ion 18 m (se [25] for more in-
formation). I contrast to RXD, the neutron scattering
intensity for the (0, 0, ⌧) Br g reflection is a consequence
of the in-pl e helical modulatio that is visible along
(0, 0, L) ue to a deviation a n t deviation of the in-plane
moments rom a perfect 120  spin configura ion [19]. Fig-
ures 2(c,d) show the t mperature and field epe d nce of
the rocking curv at the (0, 0, ⌧) position for a magnetic
fi ld pplied along a⇤. I evidences a clea shoulder on
h (0, 0, ⌧) at llit that start to rise at 1.5 K for field
val es  4 T. At 6.8 T, it d sappears while increasing the
temperatur b tween 5 and 20 K. The sh ulder corre-
sp nds o a odulation length estimated o be 220 nm
developing along the direction of the applied field that
is pe pendicular to he (0, , ⌧) reflection, in good agree-
m nt with the RXD experiment .
To confirm ha the em rgence of this spin texture
s ind d behi d the polariza ion featur s observed in
Fig. 1, the (0, 0, ⌧) a d (0, 0, 2⌧) flection were mapped
out throughout the (H,T ) phase diagr m of BTFS usi g
RXD. The onset field of the  -modulation was found to
perf ctly match the occurrence of the second c mponent
of the pyroel ctric current and relate to the inflection
points in the net polarization [see Fig. 4]. The ransi-
tion can als be id ntified by an anomaly of th elast c
onstan s [26].
Next, we discuss the origin of this unprecedented
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FIG. 3. (a-b Field-d p ndenc of th Bragg reflections at T
= 1.5 K measured with neu ron diffraction on D23 for a mag-
netic fiel applied along the a-axis. Integrated intensity from
r cking curves m asured for first order magnetic satellites (a),
and for seco d ord r atellites (b). (c-d) Rocking curv of
the (0, 0, τ) magnetic reflection measured on SANS-I with
a magnetic field applied along the b∗ direction: (c) at 1.5 K
under a magnetic field of 0 and 6.8 T; (d) between 20 and 1.8
K under a magnetic field of 6.8 T. The lines are pseudo-Voigt
fits. The arrows indicate the presence of the field-induc d
δ satellite reflection. (e) Magnetic field depend nce of this
long-wavelength modulation wav vec or (left axis) d c r-
sponding real sp ce modul ion (right xis) mea ured on
SANS-II. The l n s are guide for the eyes.
the irection of the applied field H||b∗. Remarkably, the
period of such a modula ion surpasses 350 nm at 5 T and
d creases by increasing the applied field [see Figure 3(e)].
These r lts ar s pported by RXD experimen s a
the L3 edge f Fe usi g th high-field diff actometer n
the UE46-PGM-1 beamline at the synchrotron radiation
source BESSY II of the Helmoltz Zentrum Berlin. (See
[23] for detailed information). These experiments reveal
that the magnetic moments start to be noticeably af-
fected by a magnetic field larger than 2 T applied i the
ab plane. Thi is reflect d by the change in the ratio of
scattered intensity of the (0, 0, τ) reflection measured
with incident linear horizontal (σ) and linear vertical (pi)
x-ray polarizations, as shown in Figs. 4(a) and (b) for
for H||b∗ [23]. Around 4 T, this fundamental reflection
(0, 0, τ) the devel ps a shoulder, and a further increase
in field strength shows a clear satellite that moves away
from the main reflection for pi polarized x-rays [see Fig.
FIG. 4. D pend nce of the ca ered in nsity along (0, QK ,
τ) as a function f applied field along the b∗ dire tion f r (a)
pi an (b) σ-p larized incid nt x-rays, collected at T = 5 K
and E = 709.2 eV. (c) Scattered intensity along (0, QK , 2τ)
or σ-polarized x- ays at T=5 K for H ‖ b∗. (d) Temperature
depe d nce of t (0, 0, 2τ) reflection in a magnetic field of
6.8 T alo g th b∗ di ec io .
4(a)]. This behavior gives direct c firmation for the
mag etic ph se ran ition occurring at approximately 4
T. The ddi ion l incommensur te component, d noted
by δ, emerges along he applied fi ld direction a d is la-
b l d (0,±δ, τ). Note that the sl ght drift of the main
refl ction is artifici a d caused by small motions of the
sa ple holder. This ew magnetic compone t is per-
pendicular to zero field r rin wave ve tor τ and
r aches δ ≈ 0.0040± 0. 0 6 in reciprocal l ttic un ts at
6.8 T, whic rr sponds to an i com e surat modu-
l ti with al-s ace peri dicity of 240 ± 40 nm. This
value, as well as its d pe dence on the applied fie d, is in
good agreement w th the small-angl eu ron s att ring
exp riments [se Fig. 3(e)].
The additional modulation of the zero-field magnetic
rder is also obs rved above a mag etic field of 4 T on the
(0, 0, 2τ) reflection [s e Figs. 4(c) a d (d)], which origi-
nat s from th netic induced change in the electron
density and its associated lattice deformation. Finally it
can also be probed on the first order satellite reflection at
the oxygen K-edge revealing the sensitivity of the orbital
magnetic moment of t e oxygen to this new spin texture
(see [23]).
Note that the sensitivity of neutron scattering and
RXD to the first-order magnetic reflection (0, 0, τ) in
zero-field is due to different deviations of the mag-
netic structure from the pure helical state described in
Fig. 1 (see [23]) [16, 17, 22]. Both techniques how-
ever prob th evolution of this reflection with magnetic
field and converge to show that the magnetic structure is
4strongly modified in relation to the emergence of a long-
wavelength modulation.
Next, we discuss the origin of this unprecedented
magnetic texture. This can be done based on the
parametrization introduced in [24] (see also [25]), which
uses the fact that for the 120◦ spin order within the Fe
triangles S1 + S2 + S3 = 0 and S
2
1 = S
2
2 = S
2
3:S1S2
S2
 =
 V1− 12V1 + √32 V2
− 12V1 −
√
3
2 V2
 , (1)
where the vectors V1 = (X1, Y1, Z1) and V2 =
(X2, Y2, Z2) are such that V
2
1 = V
2
2 and V1 · V2 = 0.
In our system, the frustrated exchange interactions lead
to the 120◦ order that displays a helical modulation along
the c-axis with the wavevector τ = 0.1385. In addi-
tion, the spins tend to lie in the ab plane due to the
Dzyaloshinskii-Moriya interactions within the Fe trian-
gles [17]. This zero-field helical spiral is described by
V1 = xˆ cosφ + yˆ sinφ and V2 = −xˆ sinφ + yˆ cosφ with
φ = τz, where the y-axis corresponds to the two-fold
symmetry axis along aˆ + bˆ, xˆ is perpendicular to the
y-axis in the ab-plane, and z is along the c-axis (see
Fig. 1). Above a critical field H‖b∗, the helical spiral
is expected to transform into a cycloidal one [26] with
V1 = zˆ cosφ+ aˆ sinφ and V2 = −zˆ sinφ+ aˆ cosφ.
The lack of inversion symmetry of the langasite crystal
lattice allows for an additional modulation of the spiral
state, which we assume to be the rotation around an axis
in the ab-plane, n = (cosχ, sinχ, 0), through an angle
ψ. The Lifshitz invariants favoring this type of mod-
ulation with an in-plane propagation vector are given
in [23]. Microscopically, these invariants trace back to
Dzyaloshinskii-Moriya couplings in the ab plane between
Fe spins of different triangles not included in previous
models [13–16, 18]. For the cycloidal spiral, the first three
of them vanish after averaging over φ that varies on a
much smaller length scale than ψ, as the φ-rotation orig-
inates from frustrated exchange interactions. The fourth
and fifth invariants are proportional to [1+sin2(χ− pi6 )](n·∇)ψ and sin(χ− pi6 )(cos 2χ∂xψ− sin 2χ∂yψ) respectively.
Both these interactions favor the additional helical modu-
lation of the spin order with a propagation vector parallel
to n = bˆ∗, and hence are likely behind the field-induced
spin texture observed in our system. A sketch of such a
new magnetic phase is shown in the inset of Fig. 5 (see
also Supp. Mater. [23]).
The energy decrease due to the additional rotation
must overcome an increase of the anisotropy energy,
which is why this rotation appears at the spiral flop tran-
sition where the anisotropy gap is reduced by the mag-
netic field. This scenario represents a generalization to
the case of non-collinear spiral magnets of the magnetic-
field-induced modulations discussed in [6] for simple anti-
ferromagnets. The ingredients required for the additional
modulation with an in-plane propagation vector set the
stage for the emergence of more complex objects such as
skyrmions and merons [7, 8, 27, 28].
The intriguing behavior of the field-induced electric po-
larization, P, may now be understood in terms of two
different mechanisms related to the magnetic structure.
The first one emerges right below TN and is connected
to the field-induced deviation from the 120◦ magnetic
arrangement as proposed in Ref. 17. This mechanism,
however, is not expected to depend on the chirality of
the crystal structure. The chirality-dependent in-plane
polarization induced by the second modulation can be
qualitatively understood as a linear magnetoelectric ef-
fect. We note that, even if the initial order below the
threshold magnetic field preserves all the symmetry el-
ements of the P321 space group, the magnetoelectric
coupling −g1(ExHx + EyHy) is allowed, which results
in P‖H. In its turn, the additional modulation above
the critical magnetic field breaks the two-fold axis 2y,
which then allows for a second magnetoelectric coupling
−g2(ExHy − EyHx), giving rise to the electric polar-
ization P ⊥ H, as observed in the experiments. Sym-
metry analysis of multiferroic interactions (see [23]) also
gives the electric polarization P ⊥ H. This magnetically-
induced electric polarization appears only because of the
lack of inversion symmetry in the langasite crystal lattice.
Therefore, the sign of P is determined by the sign of the
crystal chirality. The occurrence of polarization caused
by a mesoscopic spin texture in chiral structures add to
other novel mechanisms in chiral magnetoelectrics such
as MnSb2O6 [29, 30], where the sign of the spin spiral
tilting defines the electric polarization.
To confirm that the new spin texture observed in the
BTFS langasite is indeed behind the polarization features
observed in Fig. 2, the appearance of the extra compo-
nents on the (0, 0, τ) and (0, 0, 2τ) reflections observed by
RXD was mapped out throughout the (H,T ) phase dia-
gram of BTFS in Fig. 5. As we see, the onset field of the
δ-modulation is found to perfectly match the occurrence
of the second component of the pyroelectric current and
relates to the inflection points in the net polarization.
We note that this transition can also be identified by an
anomaly of the elastic constants [31].
In summary, we report a magnetic field-induced phase
transition in Ba3TaFe3Si2O14 resulting in the secondary
long-wavelength modulation of its spin structure, which
is new and fundamentally different from those found in
other chiral magnets. It can be understood as super-
structural spiral modulation that is perpendicular to the
basic short-period spiral modulation of the 120◦ basal
spin ordering and can be described as a “multi-q” struc-
ture with two remarkably different wavevectors. At this
transition we also find an emergent chirality-dependent
component of electric polarization induced by the addi-
tional magnetic modulation. Using a phenomenological
approach, we explain the transition to the phase with a
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FIG. 5. H-T phase diagram of BTFS showing the field-
induced mesoscopic spin texture phase. The blue squares and
the red circles represent the transition points determined by
RXD and pyroelectric current, respectively. They also fully
agree with the SANS measurements. The insets show an over-
simplified picture of the proposed zero-field and field-induced
magnetic arrangements in the ab plane. Note that this is
drawn for a field applied along a for clarity purposes but the
results are fully similar for H||b∗. Both structures are de-
tailed in the supplementary information [23].
mesoscopic spin-texture propagating in the ab plane that
interestingly contains all the necessary ingredients for the
formation of antiferromagnetic skyrmions. We anticipate
that novel topological objects and exotic textures can
be realized in langasites and other non-centrosymmetric
frustrated magnets with similar symmetry properties. In
this respect, it will be interesting to study topological
properties of this new state.
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